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INTRODUCTION 70
Under most circumstances, fungi coexist with trees or act as saprotrophs responsible 71 for carbon and nitrogen cycling in forest systems. However, some fungi are also one 72 of the dominant groups of pathogens causing diseases in trees. There has been an 73 emergence of tree disease outbreaks in different parts of the world such as the ash 74 dieback [1] , Dutch elm disease [2] , laminated root rot caused by Phellinus 75 sulphurascens [3] , and brown root rot caused by Phellinus noxius [4] [5] [6] . Factors 76 contributing to this phenomenon include climate change [7] and human activity [8] . If 77 interventions are not implemented early and effective, pathogen infections can kill 78 millions of trees and the spread can become very difficult to stop [9] . 79 80 Hymenochaetales is dominated by wood decay fungi and belongs to Agaricomycetes 81 of Basidiomycota. Most of which are saprotrophic but some also exhibit pathogenic 82 lifestyles that have been recorded in major forest incidents as early as 1971 in 83 different parts of the world [10, 11] . In particular, P. noxius has a very wide host range, 84 spanning more than 200 broadleaved and coniferous tree species (at least 59 families) 85 including many agricultural, ornamental, and forest trees such as longan, litchi, 86 RESULTS 138 139 Genome structure and content 140
We produced a 31.6 Mb P. noxius genome reference assembly from a Japanese 141 KPN91 isolate combining both Pacbio and Illumina technologies. The nuclear 142 genome of P. noxius is assembled into 12 scaffolds with six assembled into 143 chromosomes from telomere to telomere (Figure 2) , while the mitochondrial genome 144 is assembled into a single sequence of 163.4 kb. To date chromosome-level 145 assemblies are available only for a few basidiomycetous species [22] [23] [24] including P. 146 noxius ( Supplementary Table 1 ). For a comprehensive understanding of genome 147 evolution amongst members of the hymenochaetoid clade, we also sequenced and 148 assembled three additional species: P. sulphurascens, P. lamaensis and P. pini, as 149 well as two more isolates (A42 and 718-S1) of P. noxius. The three assemblies of P. 150 noxius have N50s of 2.4-2.7 Mb, whilst the other three genome assemblies comprise 151 30.7-53.3 Mb with N50 of 570 kb-2.7 Mb. Together, the genome assembly quality of 152 these Hymenochaetaceae are among the most contiguous and complete of the 153 sequenced basidiomycetes. 154 155 A total of 9,833-18,103 genes were predicted in each species, which are 82-94% 156 complete as assessed with the BUSCO[25] Basidiomycota dataset (Supplementary 157 Table 1). To compare these predicted proteins to those of other basidiomycetes to 158 explore chromosome and gene family evolutionary dynamics, we selected the 159 proteomes of fifteen species from the 1000 Fungal Genomes Project that are highly 160 finished or for use as outgroups ( Supplementary Table 1 ). The Hymenochaetales 161 species have median intergenic and intron lengths of 507-634 bp and 59-60 bp, 162 respectively, which are comparable with those observed in genomes of other 163 basidiomycetes. The maximum likelihood phylogeny based on 1,127 single-copy 164 orthologs placed these species with Fomitiporia mediterranea and Schizopora 165 paradoxa, two other species of the Hymenochaetaceae group with strong bootstrap 166 support (Figure 1e ). This phylogenetic relationship is consistent with previous 167 findings [26] , and species with similar genome sizes and pathogenic habit are grouped 168 together. For instance, Phellinus noxius and P. lamaensis with compact genome sizes 169 of ~31 Mb are grouped together, while the trunk rot pathogens P. pini and F. Table 2 ). The transposable element (TE) content 177 makes up 1.4-27.5% of the assemblies in the Hymenochaetales order (Supplementary 178 Table 3) and is associated with their genome size and taxonomic relationship. The 179
Class I transposons make up the majority of repetitive elements in these fungal 180 genomes ( Supplementary Table 3 ). Manual annotation of the 16 most abundant full-181 length transposon sequences revealed that these TEs belong to the Gypsy and Copia 182 superfamilies of the LTR retrotransposons, and the Tad1 clade from the LINE 183 retrotransposons ( Supplementary Figure 1) . The Gypsy elements are 5,295 to 7,629 bp 184 in length and contain an open reading frame encoding 1,523 amino acid residues, 185 which contain conserved domains in the order of protease, reverse transcriptase, 186
RNase H, integrase and chromodomain ( Supplementary Figure 1) . containing Gypsy or chromoviruses are widely distributed in eukaryotes and present 188 in many basidiomycetes [27] . In the case of P. pini, 588 full-length copies of two 189 repeats from the Gypsy family ( Supplementary Figure 1) Figure 4 ). The number of known 216 karyotypes in Basidiomycota ranges from 11 to 14 chromosome pairs (Supplementary  217   Table 1) , which suggests a possible ancestor with similar chromosome numbers. In an 218 attempt to characterize chromosome architecture and evolution amongst the 219 Agaricomycotina sub-division, we constructed a linkage network of seven selected 220 species based on single-copy orthologs between species pairs. We identified 13 221 distinct linkage groups (LG) providing strong evidence that chromosome macro-222 synteny is largely conserved since the common ancestor of Agaricomycetes ( Figure  223 3a; Supplementary Figure 5 ). Such a relationship is extended to Dacrymycetes where 224 multiple scaffolds can be predominantly assigned to different linkage groups, but it is 225 no longer apparent when compared to Tremellomycetes. Certain scaffolds are found 226 to connect different linkage groups, implying inter-chromosomal rearrangements. For 227 example, P. noxius scaffold1 is strongly clustered in LG11 but also shows linkage to 228
LG10, implying a translocation from scaffold5 (Figure 3) . Within each linkage group, 229 gene collinearity is no longer apparent, suggesting high levels of intra-chromosomal 230 rearrangements which have been observed in different fungal groups [31] (Figure 3b) . 231 232 Like most species, the most common telomere repeating unit in basidiomycetes is 233 TTAGGG[32] , although other combinations such as T(n)AG(n) [33] or 234 TTTAGGGG[34] have been described elsewhere. A systematic survey of the selected 235 published genomes reveals the predominance of TTAGGG repeat across 236 basidiomycetes, including P. pini and P. sulphurascens (Supplementary Table 5 ). The 237 karyotype of P. noxius has not been reported, but together with P. lamaensis we found 238 10 scaffolds that end with overrepresented 13.6-66.9 copies of a TTAGGTG heptamer, 239 suggesting a novel telomeric repeat compared to other basidiomycetes [32] . 240 Interestingly, the Dacryopinax primogenitus assembly contains 31 scaffold ends with 241 TTAGGG telomeric repeats. Of those, 11 scaffolds have telomeric repeats at both 242 ends revealing extensive fission of at least 21 chromosomes. Figure 3b shows one 243 example of six scaffolds with such repeats present on the ends in D. primogenitus 244 compared to two scaffolds in both P. noxius and Coprinopsis cinerea. 245 246
Gene families associated with Hymenochaetales and Phellinus noxius 247
We sought to identify genes and protein domains specific to Hymenochaetales by 248 determining when a new gene family arose and if the family has expanded or 249 contracted. In total, 7,125-11,659 proteins in the Hymenochaetales order are clustered 250 together in 5,184 families. Acquisition of gene families was mainly found at the tips 251 of the phylogeny (531-8,055 families) suggesting each species has a repertoire of 252 specific genes. The seven Hymenochaetaceae species have a total of 62 enriched 253 protein domains compared to other basidiomycetes (Supplementary Figure 6 ). Gain of 254 domains such as fungal specific transcription factors (Fungal_trans; 53.8 vs 41.6 255 copies) and peroxidase associated protein domains (Peroxidase_ext; 16.7 vs 3.9 256 copies) in these Hymenochaetaceae species reflect their white rot nature. Conversely, 257 579 gene families were inferred to have been lost in the common ancestor of P. 258 lamaensis and P. noxius. Analysis of gene ontology (GO) term enrichment on these 259 otherwise preserved gene families in P. sulphurascens and P. pini revealed a common 260 theme of intracellular signal transduction ( Supplementary Table 6 ). Several signal 261 transduction pathways may have become more specialized in the ancestor of P. noxius 262 and P. lamaensis. For example, multiple copies of NmrA (nitrogen metabolite 263 repression) were lost in these two species, which act as regulators in nitrogen-264 dependent control of secondary metabolism [35] . 265
266
We sought to identify novel and expanded gene families in P. noxius despite its 267 compact genome ( Supplementary Figure 7) . In total, 74% (7,313) of 9,833 predicted 268 genes from P. noxius have orthologs from at least one of the other basidiomycetes, 269 suggesting most of the basidiomycetous core genes are conserved. Consistent with the 270 fact that P. noxius is a fast grower[5], genes encoding 1,3-beta-glucan synthase 271 responsible for the formation of beta-glucan components of the fungal cell wall [36] 272 are expanded (14 compared to an average of 1.8 copies). Notably, counts of WD40 273 protein domains are highest in P. noxius and P. lamaensis despite their small genome 274 size ( Supplementary Table 7a ). This domain is important in protein-protein 275 interactions of cellular networks and is usually associated with additional domains 276 with other functional activities [37] . Interrogating this expansion revealed the 277 association of WD40 domains with the AAA and NACHT domains (Supplementary 278 noxius isolates KPN91, 718-S1 and A42 revealed that A locus is highly polymorphic 300 (HD pairs in particular) despite well-conserved flanking regions (Supplementary 301 Figure 9 ). For B locus, only one STE3 encoding seven transmembrane helices was 302 identified; four pheromone genes were identified but not physically linked to the 303 highly monomorphic STE3 ( Supplementary Figure 10 , Supplementary Table 8 , 304
Supplementary Information), which is characteristic of a bipolar mating system. 305
To further confirm this observation, allele diversity was analyzed by resequencing A 306 and B locus from 10 single-basidiospore isolates originating from a single basidiocarp 307 (Supplementary Table 9 ). Sequencing of STE3 revealed two highly similar alleles (b1, 308 b2), with 99.5% amino acid identity. The only variant (244V/A) is considered a semi-309 conservative mutation (valine and alanine are nonpolar aliphatic acids) and may have 310 minor or no effect on protein function. Previous studies have shown that although 311 STE3 is not involved in mating type determination in bipolar fungi, variations can 312 still be observed [42] [43] [44] . Primer walking of A locus revealed two distinct haplotypes 313 (Supplementary Figure 11) : the a1 and a2 alleles of HD pair I shared an overall 78% 314 nucleotide identity; the two alleles of HD pair II were highly diverse and the HD1 315 domain in a2 allele contains a 1-bp and a 9-bp deletions and has become a 316 pseudogene. The loss of HD1 domain was also found in the HD pair I of 718-S1 317 ( Figure 4 ), suggesting that at least one of the HD1 motifs in A locus is dispensable for 318 a functional HD1-HD2 heterodimer in P. noxius. The presence or absence of specific 319 HD domains reflects phylogenetic characteristics and has been commonly observed in 320 fungi [45] . Clear segregation of two distinct alleles at A locus (Supplementary Figure  321 Hymenochaetales species ( Supplementary Table 10 ). Specialization includes the 342 identification of copper-dependent LPMO AA11 and oxidoreductase from AA12 343 family only in P. lamaensis and P. sulphurascens, respectively. The most abundant 344 and diverse among the CAZymes annotated in these four species were glycoside 345 hydrolases (GHs). GHs act on diverse carbohydrates, including cellulose (e.g. GH1, 346 GH3, GH5, GH6, GH7 and GH12), hemicellulose (e.g. GH5, CE1, GH3 and GH27), 347 pectin (e.g. GH28, GH43, GH78, CE8, CE12, PL1 and PL3), starch (GH13, GH15 348 and GH31), and chitin (e.g. GH18, GH20, GT2 and CBM5) ( Supplementary Table  349 10). Despite its compact genome, P. noxius contains a comprehensive repertoire of 350 carbohydrate-active enzymes; a total of 4.23% (416 proteins) of its proteome were 351 identified as CAZymes which is more than those in the other Hymenochaetales 352 (Supplementary Figure 13 ). Taken together, the diversity of the CAZymes encoded in 353 the P. noxius genome is consistent with its ability to infect a wide range of hosts. Hymenochaetales. For P. noxius, a total of 18 putative clusters were found, which 361 included one lantipeptide, one NRPS, two T1PKS, and 11 TS clusters. These SM 362 clusters contained 4-37 annotated biosynthesis genes ( Supplementary Table 11 ), 363 distributed evenly in eight of the 12 scaffolds of P. noxius (Figure 2) Upon infection of a tree, which usually starts from the root, the mycelial mat of P. 375 noxius can grow and expand on the surface of the basal stems. Occasionally, 376 basidiocarps were found in the diseased tree. To investigate genes and gene families 377 that are likely to contribute to in planta colonization and the stress response of P. 378 noxius, we characterized transcriptomes of mycelial mats between brown and creamy 379 sections from two adjacent Chinese elm (Ulmus parvifolia) trees, fruiting body, and 380 mycelia grown in potato dextrose agar (PDA) medium (2-3 biological replicates for 381 each condition; Supplementary Figure 14a ). Samples from naturally infected trees 382 were used because artificial inoculation of P. noxius has remained challenging. 383
Limited success has been achieved by wound inoculation of seedlings on the basal 384 stem [14] , but the infection site and symptom development did not fully reflect the 385 phenomenon in nature. Global transcriptome profiles of P. noxius are grouped 386 together according to conditions ( Supplementary Figure 14b ), which show a precise 387 regulatory difference of P. noxius at different stages. In particular, 151 (58%) 388 members of the most expanded gene family, NACHT-or WD40-encoding proteins, 389 were found to be differentially expressed in at least one pairwise comparison of 390 transcriptome profiles from different conditions (Figure 5) . Of those, 10-35 genes 391 were found upregulated solely in one condition, suggesting a major role of this gene 392 family across multiple conditions. Other than the involvement in the incompatibility 393 reaction[50], WD40-associated proteins have been found to be central to many 394 developmental processes in ascomycetes, such as fruiting body formation in Sordaria 395 macrospora [51] and the regulation of circadian clock in Neurospora crassa [52] . 396
Interestingly, we observed that the WD40 domain containing genes with similar 397 transcriptional profile and domain combinations are physically clustered together, 398 suggesting retained function on some of the paralogous genes since tandem 399 duplication. 400 401 When compared with transcriptome profiles of P. noxius grown in PDA, Cytochrome 402 P450, and CAZymes gene families dominated the list of genes upregulated in field 403 samples (mycelial mat and fruiting body). For instance, despite lacking lignin-404 degrading peroxidases, P. noxius encodes 5, 2, and 11 copies of laccase, glyoxal 405 oxidase, and manganese peroxidase genes with predicted signal peptides, respectively. 406
Of these members of Auxiliary Activity (AA) family, 67% (12) are significantly 407 13 upregulated in mycelial mats. This is consistent with the fact that P. noxius as a white 408 rot has the capacity for continuously degrading plant materials including lignin and 409 responding to xenobiotics elicited by plant defence response [53] (Supplementary  410   Table 12 ). Import pathways such as Major Facilitator Superfamily (MFS-1) 411 transporters was in silico predicted to have a role in transporting intermediate 412 decomposition products during wood decay [54] . This is also true for P. noxius, 413
where 45% (51) out of 113 members of the MFS-1 transporter were upregulated in at 414 least one of the field conditions. Only 10% of the P. noxius secretome were predicted 415 to be putative effectors [55] , which are significantly upregulated in in planta 416 conditions ( Supplementary Table 13 ). The upregulated gene list also contains 417 hydrophobins (e.g. cerato-platanin), which contributed to virulence of various 418 fungi[56] and were upregulated in previous inoculation experiments of P. 419 sulphurascens [3] . 420
421
The creamy and brown mycelial mat on infected trees are physically in close 422 proximity and reflects relatively early and middle stages of pathogenesis rather than 423 the late stage of vigorous decomposition. Their global transcriptome profiles were 424 more similar to each other when compared with the other two conditions. Enrichment 425 analysis of differentially expressed genes shows different strategies used by P. noxius 426 ( Supplementary Table 14 ): the creamy mycelium shows enrichment of upregulated 427 genes involved in DNA replication such as ATPases and DNA topoisomerase, 428 suggesting P. noxius is actively progressing outwards along the tree bark 429 ( Supplementary Figure 15 ). In contrast, members of P450 and CAZymes are 430 significantly upregulated in the dark mycelial mat, suggesting an even higher 431 expression of these genes during the middle stage of colonization. 432 433 434
Sequence analysis of 60 P. noxius strains 435
To further understand the regional dissemination of P. noxius in Taiwan and Japanese 436 offshore islands, we sequenced the genomes of 60 isolates (Figure 6a ) originating 437 from diseased trees in urban cities as well as trails in natural parks. This collection 438 was sequenced to a median depth of coverage of 35X, and additional mate pair 439 libraries were sequenced in two isolates (718-S1 and A42) which were used to 440 characterize synteny relationship amongst strains. An average of 96% mapping rate 441 was achieved after aligning reads from each strain to the KPN91 reference genome. 442
The descriptions and statistics of the strains are provided in Supplementary Table 15.  443   444   445 Stable structural variation and frequencies of heterokaryons in P. noxius 446
The detection of frequency of heterokaryons and polyploids of P. noxius in nature 447 remain challenging as its arthospores contain 1-5 nuclei (based on quantification of 448 145 arthospores from A42 in this study) and multiple allelic fragments in SSRs (2-4 449 alleles per locus) are commonly found in populations [4, 6] . All the strains were 450 isolated from either a single arthospore or fungal mat, and thus allowed for the 451 analysis of variation in genome structure. We found no deviation in coverage across 452 every scaffold in all strains ( Supplementary Figure 16 ), suggesting a stable number of 453 chromosome copies in P. noxius. To distinguish the frequency of mono-or 454 heterokaryons in nature, heterozygous SNPs and minor allele frequency (MAF) 455 distribution was inferred in each strain ( Supplementary Figure 17) . We identified four 456 groups (A to D) that clearly differ in heterozygosity and MAF. The group with the 457 lowest heterozygosity of averaging 0.2 % showed a random MAF distribution. In 458 particular, strains 718-S1 and A42 each isolated from single basidiospores fall in this 459 group suggesting they are monokaryotic in nature. Conversely, the other three groups 460 have a much higher heterozygosity, with the highest group of 1.6% heterozygosity 461 displaying a peak around 50% in MAF distribution. Peaks around 27%-33% are also 462 observed in two of the groups, and this is not due to multiple nuclei as the 463 distributions of the number of nuclei per cell in seven randomly selected isolates are 464 the same ( Supplementary Figure 18) . Groups B-D may refer to different compositions 465 of two or more genetically distinct nuclei. The number of monokaryons present in 466 nature is 40% and can be found across all regions surveyed in this study. 467 468 469
Diversification of P. noxius across Pacific Ocean islands 470
To examine the population structure of P. noxius in this area of Pacific Islands, we 471 performed principal-component analysis (Figure 6b; Supplementary Figure 19) We constructed a maximum likelihood phylogeny based on 1,837,281 high 484 confidence SNPs of P. noxius (Figure 6c ). Concordant with the PCA, the strains from 485
Ogasawara islands form a distinctive lineage. We also observed that the majority of 486
Taiwan and Ryukyu islands strains are grouped together forming another major 487 lineage, suggesting the possibility of gene flow in this region despite physical 488 separations by the sea. We inferred the population structure in 144,426 unlinked 489 bialleic sites using the Bayesian model-based clustering approach [57] . Consistent 490 with the phylogeny, fastSTRUCTURE[57] also identified two Taiwan-Ryukyu and 491
Ogasawara lineages circulating in this region (Figure 6c, Supplementary Figure 20) . 492 493 494
High nucleotide diversities in P. noxius populations 495
The de novo assemblies of three strains of P. noxius have on average 97% nucleotide 496 identity and are largely co-linear to each other with apparent genome translocations 497 between Taiwan/Ryukyu (A42 and KPN91) and the Ogasawara (718-S1) isolate 498 (Supplementary Figure 21) . We quantified sequence diversity using θs and θπ and 499 categorised them into whole genome average, four-fold synonymous sites and 500 replacement sites (Table 1 ). An large number of SNPs are found in the genome of P. 501 noxius, averaging one SNP identified in every 20-59 bp. Nucleotide diversity at 502 synonymous sites θπ-syn is 15.8 and 19.2 per kilobase in Ogasawara island and 503
Taiwan-Ryukyu populations, respectively. This is ~5 fold higher when compared to 504 the majority of species [58] and is likely an underestimate of true diversity as indels 505
were not considered. Extremely high diversity has been reported in natural 506 populations of Schizophyllum commune [59] . The Tajima's D is strongly negative in 507 the Taiwan and Ryukyu islands lineage, suggesting an excess of low frequency alleles 508 present in the population possibly as a result of high mutation rate [59] or population 509 expansion. In the Ogasawara population, nucleotide diversity is reduced compared to 510 the Taiwan/Ryukyu lineage and Tajima's D is positive implying a reduced effective 511 population size; P. noxius may have been introduced recently in these islands. By de 512 novo assembly and annotation of these isolates, we were able to identify a total of 25 513 differential content of Pfam domains between these two lineages (P ≤ 0.05; Wilcoxon 514 rank-sum test; Supplementary Figure 22 ). Of them, Arv1 can be found in 37/51 515 strains in Taiwan-Ryukyu lineage which may be related to the traffic of sterol [60] . 516
Together our data suggest that the two P. noxius lineages may have derived from 517 genetically distinct gene pools and have undergone divergent evolutionary scenarios, Our investigations into mating type loci and genome-wide heterozygosity further 544 indicated that the genetic hyperdiversity can be attributed to a bipolar heterothallic 545 reproductive system and heterokaryotic nature, though gene flow and/or high 546 mutation rate may also play some roles. The exceptional large separation between HD 547 pairs would allow higher probability of recombination between the physically distant 548 HD genes [41, 46] , thus resulting in progeny with more diverse mating types which 549 are ready to mate. Notably, both monokaryotic and heterokaryotic state of P. noxius 550 mycelia are prevalent in the nature, and some isolates likely contained more than two 551 genetically different nuclei [6] . In addition, some isolates were able to produce 552 basidiocarps by themselves when cultured on sawdust medium (P. The Hymenochaetales is phylogenetically placed between the better-studied 579
Agaricales and Ustillaginales orders, making the reference assembly of P. noxius 580 KPN91 an attractive genome to study the evolutionary transition between these orders 581 of Basidiomycota. It should be of continuous interest to confirm this observation 582 when more reference genome assemblies become available. Genetic hyperdiversity of 583 P. noxius suggests that the pathogen may have greater adaptability to different 584 environments and stresses. Much more attention has to be paid on how global 585 warming and increasing frequency of extreme weather events would enhance disease 586 severity and allow the colonization of a fast grower like P. noxius in the warm 587 temperate zones. Nuclei in the growing hyphal tips were stained following the procedure described by 718 Chung et al. (2015) . The mycelium on the slide was mounted in 20 µl of a DAPI (4',6-719 The sequences of HD and STE3 genes were analyzed for 10 single-basidiospore 805 isolates originating from a basidiocarp by the dideoxy termination method (primers 806 listed in Supplementary Table 16 ). Long-range PCR followed by primer walking was 807 performed to sequence the highly diverse regions containing HD1-HD2 in A locus. 808
The outer primers were designed manually based on the alignment of all the isolates; 809 the inner primers were developed step by step according to previous sequencing 810 results. The PCR reaction was performed in 30-µl reaction mixture containing 50 to 811 100 ng genomic DNA, 0.2 mM dNTP, 1X Ex Taq buffer [proprietary, containing 812 20mM Mg 2+ ] (Takara Bio Inc., Japan), 0.67 µM forward and reverse primers, and 813
TaKaRa Ex Taq® DNA polymerase (Takara Bio Inc., Japan). The thermal cycling 814 parameters were 1 cycle of 95°C for 3 min, 30 cycles of 95°C for 30 s, 54°C for 30 s, 815 and 72°C for 60-270 s (according to different product sizes, ~2 kb/min), and a final 816 extension step of 72°C for 10 min. The PCR products were sequenced by Genomics 817 Biotechnology Inc. (Taipei, Taiwan). DNA trace data were visualized using 4Peaks 818 (http://nucleobytes. com/4peaks) and assembled using DNA Sequence Assembler in 819 DNA Baser (http://www. dnabaser.com). 820 821
Population genomics 822
Paired end reads of 60 P. noxius strains were aligned to the KPN91 reference using 823 
